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Exposure of the lung to radiation produces injury and inflammatory responses that result in microenvironmental alterations, which can promote the development of pneumonitis and/or pulmonary fibrosis. It has been shown that after other toxic insults, macrophages become phenotypically polarized in response to microenvironmental signals, orchestrating the downstream inflammatory responses. However, their contribution to the development of the late consequences of pulmonary radiation exposure remains unclear. To address this issue, fibrosis-prone C57BL/6J mice or pneumonitis-prone C3H/HeJ mice were whole-lung irradiated with 0 or 12.5 Gy and lung digests were collected between 3 and 26 weeks after radiation exposure. CD45 + leukocytes were isolated and characterized by flow cytometry, and alveolar, interstitial and infiltrating macrophages were also detected. Ly6C, expressed by pro-inflammatory monocytes and macrophages, and mannose receptor (CD206), a marker of alternative activation, were assessed in each subpopulation. While the total number of pulmonary macrophages was depleted at 3 weeks after lung irradiation relative to agematched controls in both C57 and C3H mice, identification of discrete subpopulations showed that this loss in cell number occurred in the alveolar, but not the interstitial or infiltrating, subsets. In the alveolar macrophages of both C57 and C3H mice, this correlated with a loss in the proportion of cells that expressed CD206 and F4/80. In contrast, in interstitial and infiltrating macrophages, the proportion of cells expressing these markers was increased at several time points after irradiation, with this response generally more pronounced in C3H mice. Radiation exposure was also associated with elevations in the proportion of alveolar and interstitial macrophage subpopulations expressing Ly6C and F4/80, with this response occurring at earlier time points in C57 mice.
Although the radiation dose used in this study was not isoeffective for the inflammatory response in the two strains, the differences observed in the responses of these discrete macrophage populations between the fibrosis-prone versus pneumonitis-prone mice nonetheless suggest a possible role for these cells in the development of long-term consequences of pulmonary radiation exposure. Ó 2015 by Radiation Research
INTRODUCTION
Exposure of the lung to ionizing radiation results in cytotoxicity, particularly within the pulmonary parenchyma within hours to days after exposure (1, 2) . As a result of this injury, a depletion of resident immune cell populations is observed, although an acute inflammatory reaction also arises in which pro-inflammatory cytokines and chemokines are released, attracting immune cells to the site(s) of injury (3) . Although the normal architecture of the lung appears to be gradually restored after this immediate wound-healing response, it is apparent that a dysregulation of the pulmonary microenvironment persists. Within several months, or even years in humans, failure to fully repair and resolve lung injury results in a dose-dependent migration of inflammatory and stromal cell progenitor populations into the lung, leading to the development of the clinically recognized acute and late complications of pneumonitis and pulmonary fibrosis, respectively (2, 4) . While collagen accumulation, fibroblast proliferation and tissue remodeling characterize the late fibrotic phase, the onset and progression of radiation pneumonitis is associated with an accumulation of monocytic inflammatory infiltrates. Indeed, investigators have shown that pulmonary macrophages undergo alterations in gene expression and cytokine and inflammatory mediator production after exposure to ionizing radiation, and have therefore been implicated in the development of long-term radiation outcomes (5) (6) (7) (8) .
Multiple subpopulations of macrophages exist in the lung, residing in both the alveolar and interstitial compartments (9, 10). In addition, after injury or infection, infiltrating monocytes migrate into the lung from the circulation where they differentiate into macrophages, not only to contribute to renewing and maintaining resident subpopulations, but also to aid in inflammation and repair (11) (12) (13) . As part of their pleiotropic nature, macrophages are plastic cells that can be differentially activated in a phenotypic-dependent manner to regulate inflammatory processes (14) . For example, classically activated macrophages stimulate inflammatory responses, while alternatively activated macrophages promote repair and the resolution of inflammation (14) (15) (16) (17) . However, when macrophage polarization becomes dysregulated, inflammation can be enhanced or chronically prolonged in a pathological manner (18) . Indeed, a disruption in the balance of these distinct populations is thought to contribute to the pathogenesis of many disorders, but the manner in which exposure to radiation may uniquely affect pulmonary macrophage subpopulations is not understood and is the focus of this current study.
Multiple investigations have utilized fibrosis-prone C57BL/6J (C57) and -resistant C3H/HeJ (C3H) mice as a strategy to understand the potential differential processes that contribute to the early versus long-term consequences of lung exposure to radiation (3, (19) (20) (21) (22) (23) (24) . Whole-thorax exposure to radiation causes an early, mild inflammation or pneumonitis, followed by an increase in collagen production and the development of fibrotic foci in C57 mice, whereas in C3H mice, pneumonitis is the predominant morbid effect and fibrogenesis does not occur (20, 24) . Since we hypothesized that the macrophage subsets that repopulate the lung after radiation-induced depletion would respond to an altered microenvironmental phenotype from those of unirradiated mice, we believed that these populations would differ between the strains since they demonstrate a different pulmonary outcome. Therefore, to test this hypothesis, C3H and C57 mice were whole-lung irradiated with 12.5 Gy and the response of their macrophage populations was characterized over a 26-week period, at various time points across the course of pathogenesis. Specifically, radiation-induced effects on macrophage subpopulation depletion, recovery and phenotype were assessed.
MATERIALS AND METHODS

Animals
Female C57BL/6J and C3H/HeJ mice, 6-8 weeks of age, were obtained from Jackson Laboratory (Bar Harbor, ME) and housed five animals per cage under pathogen-free conditions and acclimated for one week prior to experimentation. Animals were fed standard laboratory diet and water ad libitum. The University Committee on Animal Resources approved all animal protocols.
Irradiation
Animals were restrained in plastic jigs and 12.5 Gy irradiated (lung only) with a 137 Cs c-ray source operating at a dose rate of approximately 1.8 Gy/min. Age-matched sham-irradiated (0 Gy) control mice received identical handling.
Sample Collection
Mice were euthanized at 3, 8, 16 and 26 weeks after irradiation. These time points were chosen since they represent the immediate (3 weeks), pre-and post-pneumonitis (8 and 16 weeks) and prefibrosis response phases seen during progression to radiation-induced lung effects. Lung digests were obtained via instillation with 1.8 units/ml dispase (Gibcot Life Technologies, Grand Island, NY) in Dulbecco's modified Eagle medium (DMEM; Gibco Life Technologies) and incubated at room temperature for 45 min. Lungs were then disrupted by mincing and the cell solution filtered through 100 lm, 40 lm and 25 lm cell strainers (Fisher Scientific, Waltham, MA) using DMEM plus 0.01% DNAse 1 (Sigma-Aldrich, St. Louis, MO) as a wash buffer, and then transferred to DMEM plus 10% fetal bovine serum (FBS; BD Biosciences, San Jose, CA). Alternatively, the left lobe of the lung was inflated and fixed in 10% buffered zinc formalin (Anatech, Battle Creek, MI) and paraffin embedded. Tissue sections (6 lm) were prepared and stained with Hematoxylin and Eosin or Gomori trichrome and examined by light microscopy. Images were acquired on an Olympus BX51 microscope (Olympus Imaging America Inc., Center Valley, PA).
Magnetic Cell Sorting and Flow Cytometry
Lung digest cells were enriched for CD45 þ myeloid cells by incubating with a biotin anti-CD45 antibody (BD Pharmingene, San Diego, CA) followed by binding to BD IMage Strepavidin Particles Plus (BD Biosciences), then placed on a Magna GrIPe magnet (Millipore, Billerica, MA). Unbound CD45 -cells were then removed and CD45
þ cells that were retained on the magnet were resuspended in DMEM plus 10% FBS. CD45 þ cells were then counted using a hemocytometer and 1 3 10 6 cells were stained for flow cytometric analysis. Cells were transferred to staining buffer [phosphate buffered saline (PBS) plus 10% FBS]. Nonspecific antibody binding was blocked using anti-mouse CD16/CD32 Fc block (BD Pharmingen) at 1:500 in staining buffer for 10 min on ice. Surface staining was then performed for 30 min at 48C using PerCP-Cye5.5 rat anti-mouse CD11b (BD Pharmingen), Alexa Fluort 647 anti-mouse Ly6G, Brilliant Violet 605e anti-mouse CD206, Brilliant Violet 711e anti-mouse Ly6C, PE anti-mouse CD45 (BioLegendt Inc., San Diego, CA), eFluort 450 anti-mouse CD11c and PE/Cy7 anti-mouse F4/80 (eBioscience Inc., San Diego, CA). After surface staining, cells were washed and stained with LIVE/DEADt fixable aqua dead cell stain kit (Life Technologies) in PBS for 15 min at 48C. Cells were then washed, resuspended in 2.5% phosphate buffered formalin (Fisher Scientific) and run on an 18 parameter LSRII flow cytometer (BD Biosciences). For single color positive controls, Simply Cellulart anti-mouse compensation standard (Bangs Laboratories Inc., Fishers, IN) was incubated with 1 ll of each detection antibody. Data were analyzed using FlowJo (FlowJo, Ashland, OR).
Statistical Analysis
Data are expressed as mean 6 SEM and were analyzed by two-way ANOVA, followed by Tukey's multiple comparisons test. Differences were considered significant at P , 0.05.
RESULTS
Characterization of Pulmonary Macrophage Subpopulations
To investigate the possibility that macrophage populations in the lung contribute to the long-term consequences of radiation exposure, resident and infiltrating pulmonary macrophage subsets were investigated at time points spanning radiation-induced depletion and repopulation, through the development of long-term outcomes. To confirm a differential pulmonary injury response to whole-lung irradiation between the two strains, histological sections were examined at the chosen time points for the presence of inflammatory cells and/or collagen accumulation. In both C57 and C3H mice, inflammation was observed at 8 weeks postirradiation, with increased numbers of inflammatory cell infiltrates still being observed in the lung at 16 weeks, defining the characteristic pneumonitic response period (Supplementary Fig. S1 ; http://dx.doi.org/ 10.1667/RR14178.1.S1). This response was slightly more robust in the C3H mice, although no mortality was observed. Additionally, fibrotic foci were observed in C57, but not C3H mice, at 26 weeks postirradiation (Supplementary Fig. S2 ; http://dx.doi.org/10.1667/ RR14178.1.S1).
Since multiple distinct macrophage subpopulations exist in the lung, the individual responses of these subpopulations to radiation-induced lung injury were evaluated next. To accomplish this, we characterized pulmonary macrophage populations using flow cytometry. Dispase-digested and CD45
þ -enriched lung cells were stained with macrophageand phenotype-specific cell surface markers and analyzed. Viable CD45
-cells were first gated to distinguish myeloid cells and exclude neutrophils from further analysis of macrophage subpopulations (Fig. 1A) . Individual macrophage subpopulations were next distinguished by analysis of expression of the cell surface markers CD11b and CD11c, which have been shown to be expressed on pulmonary macrophages to varying degrees depending on their anatomical location in the lung. Alveolar macrophages (AMs; CD11b (25) (26) (27) were each gated and separately analyzed for expression of the macrophage phenotype markers: F4/ 80, CD206 and Ly6C (Fig. 1B) . A representative sample of this strategy is shown in Fig. 1 .
Regardless of strain and radiation exposure, AMs were found to be predominantly F4/80 þ and CD206 þ , with few being Ly6C þ , whereas a smaller proportion of IMs and infiltrating macrophages expressed CD206 and F4/80 (Fig.  1B) . Similarly to AMs, the majority of IMs did not express Ly6C, while infiltrating macrophages consisted of both Ly6C þ and Ly6C -cells. Within the infiltrating population, a portion was found to be F4/80 þ and expressed Ly6C with greater intensity than the F4/80 -population. Since monocytes express F4/80 with varying levels of Ly6C, and are CD11b þ and CD11c -, it is likely that the F4/80 þ population of the infiltrating macrophage subset is comprised of newly trafficked monocytes (28, 29) .
Since alveolar macrophages are highly autofluorescent cells ( 
CHANGES IN LUNG MACROPHAGES AFTER IRRADIATION
Ly6G
-population were assessed as a means of confirming AM identity (Fig. 1A) . Distinct populations of autofluorescent-positive and -negative cells could be distinguished in the CD45 þ , Ly6G
-population. The autofluorescent þ cells were found to be AMs as they were CD11b int , CD11c
In contrast, the autofluorescent -cells varied in their expression of the cell surface markers, and were comprised of multiple macrophage subtypes that included the interstitial and infiltrating macrophage populations. Cell surface marker expression was also analyzed for the CD45
þ granulocyte population, which was found to be comprised of CD11b þ cells, the majority of which also expressed Ly6C.
Radiation Exposure Results in Pulmonary Macrophage Depletion and Repopulation
As shown in Fig. 1C , changes in the numbers of each subpopulation were examined over a time course covering the immediate, acute and late phases of injury (31) . Within each subpopulation, alterations in the proportion of the cells expressing classical and alternative macrophage activation markers were characterized. To identify and characterize AMs, viable CD45
þ cells were gated on, then the CD11b int , CD11c þ population was selected for further analysis ( Fig. 2A) .
Alveolar macrophages made up the largest portion of the CD45 þ cells recovered from the lung digests in both C3H
and C57 mice. In unirradiated mice, at least 70% of AMs were positive for both CD206 and F4/80 (Fig. 2C) , with fewer than 10% being F4/80 and Ly6C þ (Fig. 2D) . It was noted that the baseline numbers of AMs were significantly higher in the C3H versus C57 mice at the 3-and 8-week time points, possibly reflecting a more pro-inflammatory phenotype, although both strains demonstrated an agerelated decline in AM numbers across the 6-month time course. After irradiation, and consistent with previous studies (32), a decrease in AM cell number was observed at the 3-week time point in both C3H and C57 mice, followed by a return to levels similar to those observed in sham-irradiated mice. This occurred by 8 weeks after exposure in C57 mice, although in irradiated C3H mice a small but significant difference was observed until 16 weeks postirradiation (Fig. 2B) . Furthermore, as hypothesized, the phenotype of AMs repopulating the irradiated lungs was differentially altered when compared to AMs isolated from the age-matched control mice. As such, a decrease in the percentage of CD206 þ , F4/80 þ AM population was noted at the 3-week time point in the C3H mice, followed by a return to control values, although an additional decline was seen at 26 weeks postirradiation (Fig. 2C ). This response was more exaggerated in the C57 mice compared to the C3H mice at 3 weeks postirradiation, with significant decreases in this population also present at both 8 and 26 weeks postirradiation. In contrast, the percentage of Ly6C was increased after irradiation, which was noted at the 8-and 16-week time points in the C3H mice, and at the 3-and 16-week time points in the C57 mice (Fig. 2D) . This response occurred earlier, by 3 weeks postirradiation, in C57 mice.
Interstitial macrophages were identified by gating on viable CD45 þ , Ly6G -, autofluorescent -cells and then gating on the CD11b
þ population (Fig. 3A) . In contrast to the observed AM response, the numbers of IMs were increased at 3 weeks in C3H mice and at 8 weeks postirradiation in both strains of mice (Fig. 3B) ; again, exposure to radiation induced alterations in macrophage phenotype in a strain-specific manner. An increase in the percentage of CD206 þ , F4/80 þ cells in the IM population was observed at 3 and 8 weeks postirradiation in C3H mice (Fig. 3C ), accompanied at 8 weeks by an increase in the Ly6C þ , F4/80 þ cells (Fig. 3D) . In contrast, in C57 mice a significant increase in percentage of Ly6C (Fig. 3C and D) , achieving a level of significance at 8 and 16 weeks in the CD206 þ , F4/ 80 þ cells. Interestingly, the overall percentage of these cells was also higher in the C57 control animals relative to the C3Hs (Fig. 3C) .
CD11b high infiltrating cells were identified as CD45
-, autofluorescent -, CD11b high and CD11c - (Fig. 4A) .
A radiation-induced increase in the number of highinfiltrating CD11b cells was observed in C57 mice, but not C3H mice (Fig. 4B ). This response persisted for at least 8 weeks postirradiation before returning to values similar to those of age-matched control mice. While no significant changes were noted in overall CD11b high infiltrating cells number in C3H mice, the percentage of CD206 þ , F4/80 þ cells in this population was increased after irradiation at the 3-16-week time points (Fig. 4C) . The proportion of these cells was also increased in irradiated C57 mice, but the extent to which this occurred was not as large and was only observed through 8 weeks postirradiation. Furthermore, changes in the percentage of CD206 þ , F4/80 þ cells in the high-infiltrating CD11b subpopulation in irradiated C3H mice were inversely related to the percentage of Ly6C þ cells in this (Fig. 4D) , whereas no loss in the proportion of Ly6C þ , F4/80 þ cells was observed in C57 mice. Instead, a significant increase in the percentage of cells expressing these markers was observed at the 16-week time point after exposure, and was maintained through 26 weeks.
CD11b low infiltrating cells were identified as CD45
-, autofluorescent -, CD11b low and CD11c - (Fig. 5A) . A significant decrease in the number of CD11b low infiltrating cells was observed at 3 weeks postirradiation in C3H mice, before returning to values similar to those of age-matched controls (Fig. 5B) . In C57 mice, a significant increase was noted in the number of cells in this population at 8 weeks postirradiation. Interestingly, in C3H mice, the percentage (Fig. 5C) , whereas the percentage of Ly6C þ cells showed a sharp decrease at the 8-and 16-week time points postirradiation (Fig. 5D ). The percentage of CD206 þ , F4/80 þ cells was also increased in C57 mice at the 3-week time point (Fig. 5C) , however, the proportion of Ly6C þ cells was not significantly altered compared to age-matched controls (Fig. 5D) .
Lung granulocytes (PMNs) were identified by gating on CD45 þ , Ly6G þ cells (Fig. 6A) . Differences in this cell population were observed between the control animals of the two strains, with C3Hs having a greater number of these cells than C57s at multiple time points. The irradiated cohort of C3H mice demonstrated a reduction in neutrophils at the later time points (Fig. 6B) , and decreases in the percentage of PMNs expressing Ly6C could be observed at 3 and 8 weeks postirradiation in C3H mice but not C57 mice (Fig. 6C) .
DISCUSSION
Radiation-induced lung injury occurs in distinct phases, with acute wound healing followed by early inflammation. However, it is believed that these phases involve the propagation of a chronic dysregulation of the lung microenvironment, resulting in the gradual development of the acute and late consequences of radiation pneumonitis and pulmonary fibrosis, respectively (2, 4). Although these outcomes are well characterized, the mechanisms underlying their development remain unclear. Under normal wound healing conditions, the clearance of dead cells and the release of inflammatory mediators, such as reactive oxygen species, cytokines and chemokines, by injured pulmonary epithelial cells initiate an acute inflammatory/wound healing response in the lung that is essential to its early recovery. Subsequently, recruited and activated immune cells promote repair of damaged tissue in part by initiating profibrotic responses. For example, activated macrophages recruit fibroblasts to the site of injury and interact with collagen-producing myofibroblasts. Macrophages also secrete transforming growth factor B, which stimulates the production of extracellular matrix proteins and regulates the turnover of the extracellular matrix through production of matrix metalloproteinases and tissue inhibitors of matrix metalloproteinases (33, 34) . However, after radiationinduced lung injury, it appears that these canonical inflammatory and profibrotic processes fail to completely resolve. Thus, dysregulation can progress to overt inflammation and may also be associated with excess production of extracellular matrix components and tissue remodeling, which are the manifestations of alveolitis and pulmonary fibrosis, respectively. Immune dysregulation, observed as part of the progression of radiation-induced events, likely results from the altered microenvironment of the irradiated lung. Importantly, macrophages are highly plastic cells that are adept at responding to microenvironmental signals, becoming phenotypically polarized to orchestrate inflammatory responses (14, 35) . As a result of their observed involvement in the pulmonary response to radiation exposure, dysregulation of macrophage activation has been implicated in the pathogenic processes that result in radiation-related chronic inflammation and fibrosis (36) (37) (38) (39) (40) (41) . Since lung irradiation is known to initially deplete pulmonary macrophages (31), we investigated whether those macrophages that subsequently repopulate the lung are phenotypically different from those found in unirradiated mice. The lung contains a heterogeneous population of macrophages that have specialized functions based on their anatomical location, with AMs and IMs having different functional properties, playing distinct roles in the lung and differing in their responses to inflammation and injury (10, 25, 42, 43) . For example, AMs are a long-lived, self-renewing population with a turnover rate of 40% in one year and are efficient at removing microorganisms and particles from the lung (10, (44) (45) (46) . In contrast, IMs function as antigen presenters and regulators of inflammation and fibrosis and are thought to be replaced by infiltrating monocytes that migrate into the lung from the circulation (11, 13, 25) . We therefore investigated whether radiation injury may differentially affect either these specific populations or their response to a radiation-altered microenvironment.
Distinguishing between the different macrophage subpopulations in the lung allows for an individual evaluation to be made of each subset and eliminates the possibility of erroneously interpreting the actions of multiple macrophage subpopulations as a single response. Consequently, our findings illustrate that these distinct populations do indeed differ in their response to radiation exposure. After identification of AM, IM and infiltrating macrophage subsets, it was revealed that the loss of lung macrophages observed at 3 weeks postirradiation was apparent in the AM population, but not the interstitial or infiltrating populations in both C3H and C37 mice, which instead appeared to be above control values at this time point. However, only a cautious interpretation can be made of this observation since the periodicity of the sampling means that this finding may not reflect the response of the subpopulations from the time of irradiation. Indeed, it is possible that IMs, with a comparatively high turnover rate, may be an intermediate between infiltrating and alveolar populations (11) , and therefore may recover more quickly than do the more slowly replicating AM population from the cell losses that occurred as a direct result of radiation-induced lung injury. Alternatively, although monocytes are not significant contributors to resident macrophage populations during homeostasis, it has been found that they are capable of replacing interstitial and alveolar populations of macrophages in mice after lung inflammation (44, 46, 47) . Therefore, it is possible that after irradiation, infiltrating macrophages first replenish depleted interstitial populations, which could in turn contribute to the later restoration of the alveolar population.
The differing sensitivities of C57 and C3H mice to developing pneumonitis and fibrosis after exposure to radiation have been exploited in attempts to uncover the mechanisms involved in these processes. In previous studies, pneumonitis in both C3H and C57 mice after irradiation has been observed, with this response being sufficiently robust in C3H mice to lead to morbidity; however, the dose used in the current study (12.5 Gy) did not reach this threshold. In contrast, the pneumonitic response in C57 mice is mild and often asymptomatic even at higher doses; nonetheless, these animals exhibit pathologic progression and will develop dose-and volumedependent fibrotic lesions not seen in the C3H survivors (19, 23) . These observations are supported by experiments from our laboratory demonstrating that TGF-beta expression, as well as collagen mRNA expression and production, increased in the lungs of C57 mice, but not C3H, mice after 12.5 Gy irradiation (20) .
Since differing responses of pulmonary macrophage subsets to radiation exposure could be dependent on their phenotype prior to exposure, macrophage expression of the phenotypic markers CD206 (mannose receptor), associated with alternative activation of macrophages and a means by which AMs repress inflammatory responses to maintain homeostasis in the lung, and Ly6C, a marker associated with pro-inflammatory responses, were first determined in unirradiated mice (29, 48, 49) . The finding that the majority of AMs expressed CD206, while less than 25% of IMs and less than half of infiltrating macrophages expressed this marker is in agreement with studies showing that mannose receptor is predominately expressed by alveolar macrophages since it is a carbohydrate-binding C-type lectin that functions to maintain a quiescent state in the lung by interacting with pathogens and suppressing pro-inflammatory responses (49, 50) . In contrast, the majority of infiltrating macrophages were Ly6C þ , whereas less than 10% of AMs and IMs expressed this marker. Analysis of these markers also revealed significant baseline strain differences in pulmonary macrophage subsets. Differences were noted in numbers of AMs recovered from the lungs of unirradiated C3H and C57 mice at early time points and variance in phenotypic markers was also present. This suggests that inherent differences in the pulmonary macrophage subpopulations may affect the differential lung responses of these two strains to radiation and highlight that genetic factors are an important determinant of radiation outcomes. Further investigation of how genetic variation predicts the likelihood of developing pneumonitis and fibrosis will be important for assessing the individual susceptibility of humans to radiation-induced pathologies after treatment or unforeseen exposure.
With respect to early changes after radiation exposure, in both C3H and C57 mice, a reduction was observed in the proportion of CD206 þ , F4/80 þ AMs by 3 weeks that correlated with the depletion in AM cell numbers. This decline may not necessarily represent radiation-induced cell loss; although nearly all AMs expressed CD206 in the unirradiated mice, this receptor may not yet be present on newly differentiated AMs if its expression is dependent on microenvironmental cues from alveoli. Indeed, studies have shown that lung macrophages respond to microenvironmental conditions and develop phenotypic characteristics accordingly. This was illustrated when adoptively transferred bone marrow and peritoneal macrophages in the lungs of mice acquired the same expression of certain cell surface markers as AMs (27) . Although subject to interanimal variability and the frequency of sample collection, the proportion of AMs expressing Ly6C was generally increased through 16 weeks postirradiation in C57 mice, and at the 8-and 16-week time points in the C3H mice, in an inverse association with the decreased proportion of CD206 þ cells. This may have been the result of a shift in the AM population towards a pro-inflammatory phenotype, induced by an imbalance in pro-inflammatory versus profibrotic signaling after radiation exposure. Another possibility is that Ly6C-expressing monocytes, as well as IMs, have begun to differentiate into AMs in an attempt to maintain this population.
Importantly, further analysis of lung macrophage subsets revealed that the radiation-induced alterations in macrophage phenotype were highly strain dependent. For example, the loss of CD206-expressing AMs occurred to a greater extent and for a longer period of time in C57 mice than in C3H mice, persisting beyond the point where the numbers of AMs had returned to values similar to unirradiated mice. This occurred in association with a more rapid increase in the proportion of AMs expressing Ly6C, suggesting that AMs from C57 mice were not as successful in maintaining an alternatively activated phenotype as those from C3H mice and were, instead, more prone to proinflammatory phenotype shifts. However, IMs and infiltrating macrophages exhibited different responses to radiation than AMs. In C3H mice, for at least 16 weeks after irradiation, exposure increased the proportion of CD206 þ IMs and infiltrating macrophages and decreased the proportion of Ly6C þ infiltrating macrophages. In contrast, a pronounced alternative activation response was not observed in macrophage subpopulations of C57 mice. Indeed, radiation exposure resulted in decreased, not increased, CD206 responses in IMs of C57 mice, while in the infiltrating populations, CD206 increases occurred to a lesser extent and for a shorter duration than in C3H mice. Moreover, C57 mice did not experience losses in the proportion of Ly6C þ CD11b high and low infiltrating populations that occurred in C3H mice. Instead proinflammatory phenotype shifts were more pronounced in C57 mice. Increases in the proportion of Ly6C þ CD11b high infiltrating macrophages were observed by 16 weeks postirradiation in C57 mice, whereas in C3H mice, this effect occurred later, by 26 weeks, and was preceded by a loss of Ly6C þ cells, a response not observed in C57 mice. In AMs and IMs of C57 mice, the increased proportion of Ly6C-expressing cells in these populations also occurred earlier than in C3H mice. This suggests that, during the observed time course, C3H mice responded to radiationinduced injury through induction of an alternatively activated phenotype in lung macrophages, while in C57 mice, pro-inflammatory phenotypic shifts in the lung macrophage populations occurred. Interestingly in C3H mice, a decreased proportion of pro-inflammatory Ly6C þ infiltrating cells was observed after irradiation at time points peripheral to peak pneumonitis responses. Since the Ly6C þ population likely represents immature and newly trafficked infiltrating monocytes/macrophages, the loss of this marker at these time points may reflect a maturation of the infiltrating population with an accompanying loss of Ly6C. Since this loss was accompanied by an increase in CD206 expression, it is possible that differing microenvironmental signals in the lungs of irradiated C57 and C3H mice result in differing abilities to induce pro-inflammatory immune responses. Since peak pneumonitis responses occur between the 8-and 16-week time points, the fact that the alternative activation phenotype was more pronounced in the C3H mice could be indicative of their greater sensitivity to developing pneumonitis. Interestingly, strain differences between unirradiated C3H and C57 mice were observed to be lessened with age. The fact that phenotypic differences in macrophages of irradiated animals were also minimized at these times suggests that the presence of unidentified agerelated factors impact on macrophage activation responses. It is therefore possible that the relative contributions of macrophages on long-term clinical outcomes may vary not only with the time course of pathogenesis, but also with respect to the age of the patient.
Neutrophil populations were also affected by radiation exposure. Not only were greater numbers of Ly6G þ cells generally recovered from the lungs of unirradiated C3H mice, the radiation-induced alterations in this population were also more apparent than in C57 mice. This suggests that strain differences in neutrophil trafficking and phenotype may influence their response to radiation-induced injury. In the first 8 weeks after irradiation, a loss of Ly6C-expressing PMNs occurred in C3H mice but not C57 mice, correlating with the alterations observed in the infiltrating macrophage subsets. This is in accord with previous work showing that radiation increases expression of several chemokines, including the macrophage inflammatory proteins and monocyte chemotactic protein-1 in the lungs of C57 mice, but not C3H mice (3) . Furthermore, a radiationinduced increase in the numbers of CD11b high and low infiltrating macrophages was observed in C57 mice only. The recruitment of inflammatory monocytes may affect the phenotype of the resident macrophage population, either through differentiation or through release of mediators that regulate macrophage polarization. This is supported by a study demonstrating that depletion of Ly6C high circulating monocytes reduced fibrosis in mice exposed to bleomycin, whereas their adoptive transfer exacerbated fibrosis (38) . A link between recruitment of inflammatory monocytes to the lung and the development of fibrosis has been demonstrated. Accumulations of Ly6C high monocytes were found to occur after alveolar epithelial type 2 cell injury, while inhibition of this process abrogated collagen deposition (51) .
As previously observed, radiation-induced phenotypic alterations in these macrophage populations persisted throughout the time course of this study and, possibly, throughout the lifespan of the mice. This chronic dysregulation of macrophage phenotype points to a contribution by these subpopulations to the development of long-term pathology. What remains unclear is whether these immune responses drive pathogenesis or are a consequence of the altered microenvironment of the lung parenchyma. Further studies are needed to address this question and to determine how these different phenotypic responses contribute to the different long-term pathologies in C57 and C3H mice. Increasing our understanding of how macrophages contribute to the differential pulmonary pathogenic processes will improve our ability to develop effective mitigators of radiation-induced pathologies. Importantly, the ability to use phenotypic markers to identify patient populations at risk of developing late morbidities after radiation therapy will enable clinicians to tailor treatment to individual patients and minimize their subsequent risk of developing late effects. Fig. S1 . Lung histology from C3H/HeJ and C57BL/6J mice. Lung sections stained with H&E were prepared at 3, 8, 16 and 26 weeks after whole-lung irradiation with 0 or 12.5 Gy. Immune cell infiltrates were observed in irradiated C3H and C57 mice at 8 and 16 weeks, with this response being more prominent in C3H mice. Fig. S2 . Lung histology from C3H/HeJ and C57BL/6J mice. Gomori trichrome-stained lung sections were prepared at 3, 8, 16 and 26 weeks after whole-lung irradiation with 0 or 12.5 Gy. Collagen staining can be observed in fibrotic loci in irradiated C57, but not C3H mice at 26 weeks postirradiation.
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